Neuronal and non-neuronal acetylcholine has been demonstrated to modulate 29 inflammatory responses. Studies investigating the role of acetylcholine in the 30 pathogenesis of bacterial infections have revealed contradictory findings with 31 regard to disease outcome. At present, the role of acetylcholine in the 32 pathogenesis of fungal infections is unknown. Therefore, the aim of this study 33 was to determine whether acetylcholine plays a role in fungal biofilm formation 34 and the pathogenesis of Candida albicans infection. 35
larvae from C. albicans infection mortality. The in vivo protection occurred 48 through acetylcholine enhancing the function of haemocytes whilst at the same 49 time inhibiting C. albicans biofilm formation. Furthermore, it also inhibited 50 inflammation induced damage to internal organs. 51
Introduction 59 60
Bloodstream infections caused by Candida species remain a frequent cause 61 of morbidity and mortality, particularly within the immunocompromised 62 population (1, 2). Candida albicans is an opportunistic pathogen causing both 63 superficial and systemic infection, and is the main causative organism 64 responsible for systemic candidiasis. Virulence factors which contribute to C. 65 albicans pathogenicity include hyphal formation, the expression of cell surface 66 adhesins and invasins, and the development of biofilms (3). If untreated, a 67 progressive C. albicans infection can lead to a dysregulated host inflammatory 68 response that damages infected organs and leads to sepsis (4). 69
70
The cholinergic anti-inflammatory pathway regulates immune responses to 71 pathogens and is mediated by acetylcholine (ACh) (5). ACh released from 72 efferent vagus nerve terminals interacts with the alpha 7 nicotinic receptor 73 (α7nAChR) on proximal immune cells resulting in down regulated localised 74 immune responses. In addition, the efferent vagus nerve interacts with the 75 splenic nerve to activate a unique ACh-producing memory phenotype T-cell 76 population which can propagate ACh mediated immune-regulation throughout 77 the body (6). Furthermore, ACh is produced by numerous cells out with neural 78 networks and non-neuronal ACh can also play a vital role in immune-79 regulation through its cytotransmitter capabilities (7, 8) . been established to exist in these primitive unicellular organisms (15, 17) . 98
However, the receptors that mediate the response of microorganisms to ACh 99 are not well characterised. Nevertheless, the role that host derived ACh plays 100 in modulating the growth and pathogenicity of microorganisms is unknown. 101
102
To date no study has investigated the role of ACh in fungal infections, and the 103 functional relationship between ACh and C. albicans biofilm formation and 104 pathogenicity remain to be determined. Therefore, the aim of this study was to 105 determine the effect of ACh on C. albicans growth and biofilm formation, as 106 
Haemolytic (gallysin) assay 244
The ability of haemolymph (gallysins) to lyse sheep red blood cells was 245 determined using a modification of the method described by Beresford et al 246 (27) . Briefly, packed sheep red blood cells in Alsever's solution were 247 centrifuged and washed in glycerol veronal buffered saline pH 7.4. (Sigma, 248
Poole, UK). The cells were then suspended to 10 8 cells/mL in dextrose 249 glycerol veronal buffered saline. Serial dilutions of haemolymph (collected as 250 described above) starting with 1 µL of haemolymph diluted in a total of 100 µL 251 of dextrose glycerol veronal buffered saline were combined with 100 µL of 252
sheep red blood cells and incubated at 37 o C for 60 min. After incubation the 253 samples were placed on ice, 2 mL saline added and the supernatant 254 centrifuged. The proportion of cells lysed by each dilution was compared to a 255 negative control containing no haemolymph and a positive control where all 256 the cells were lysed by the addition of 2 mL water. From this, haemolytic units 257 were determined as follows: number of haemolytic units/RBC = -Ln(1-[% 258 lysis/100]). The experiment was performed using haemolymph from 3 larva in 259 each experimental group and repeated on 3 independent occasions. 260
261

Statistical analysis 262
Graph production, data distribution and statistical analysis were performed 263 using GraphPad Prism (version 4; La Jolla, California, USA). After ensuring 264 data conformed to a normal distribution, before and after data transformation, 265 analysis of variance (ANOVA) and t-tests were used to investigate significant 266 differences between independent groups. The G. mellonella survival curve 267 was analysed using a log rank test. In the case of the gallysin assay; the 268 slopes of each titration were surrogates for average values. A Bonferroni 269 correction was applied to all p values to account for multiple comparisons of 270 the data sets. Student t-tests were used to measure statistical differences 271 between two independent groups assessed in gene expression studies. ACh compared to RPMI alone (Fig. 1A) . A maximum 70.6% (p<0.01) 292 reduction in biomass was observed with 50 mg/mL of ACh, followed by a 54.5% 293 (p<0.01), 42% (p<0.01) and 30.7% (p<0.01) reduction with 12.5, 3.1 and 0.8 294 mg/mL of ACh, respectively. 295
296
To further investigate the impact of ACh on C. albicans phenotype cellular 297 respiration was assessed by phenotypic microarray (PM) analysis over a 72 h 298 period when cultured in RPMI or YNB (non-hyphal inducing media) +/-ACh. 299
The raw data for the PM analysis is shown in supplementary Fig. 1 . Graphical 300 representations of the PM analysis revealed that there was no significant 301 effect on C. albicans cellular respiration at 24 h (Fig. 1B) , 48 h (Fig. 1C) or 72 302 h (Fig. 1D ) when cultured in YNB with concentrations of ACh ranging from 0.8 303 -50 mg/ml. In contrast significant reductions in cellular respiration were 304 observed when C. albicans was cultured in RPMI with 12.5, 25 and 50 mg/ml 305 ACh at 24 h (Fig. 1B) , 48 h (Fig. 1C ) or 72 h (Fig. 1D ) (all p<0.05). However, 306 as changes in cellular respiration are associated with biofilm formation this 307 phenomena could be accredited to the inhibition of biofilm formation 308 demonstrated in Fig. 1A . Indeed, none of the concentrations of ACh used in 309 this study were found to be cytotoxic to C. albicans when cultured in RPMI or 310
YNB (data not shown). 311 312
Collectively, these data suggest that ACh is not fungicidal at the 313 concentrations used in this study and instead can inhibit the ability of C. 314 albicans to form biofilms in vitro. 315
316
Acetylcholine prolongs the survival of Candida albicans infected 317
Galleria mellonella larvae and reduces fungal burden 318
Biofilm formation is associated with C. albicans pathogenicity (3). Therefore 319 the effect of ACh on C. albicans pathogenicity in vivo was investigated using a 320
G. mellonella killing assay. 321 322
Inoculation of larvae with C. albicans was shown to kill >80% within 24 h 323 (p<0.001) and 100% within 48 h (p<0.001) ( Fig. 2A) . Conversely, larvae 324 treated with C. albicans + ACh (50 µg/larva) exhibited only 25% (p<0.05) 325 mortality within 48 h and >60% remained alive after 72 h ( Fig. 2A) . The log-326 rank test revealed a statistically significant difference in survival of larvae 327 inoculated with C. albicans + ACh in comparison to larvae inoculated with C. 328 albicans alone (p<0.001). Control larvae, injected with PBS or ACh (50 329 µg/larva) alone, exhibited 0% mortality at 72 h ( Fig. 2A) . Therefore, these data 330 suggests that ACh protects G. mellonella larvae from C. albicans induced 331
mortality. 332 333
To determine whether this protection against mortality was due to the effect of 334
ACh on fungal growth in vivo, fungal burden was assessed using a qPCR 335 based assay. Four hours post inoculation the fungal burden of larvae 336 inoculated with C. albicans alone or C. albicans + ACh showed no significant 337 differences (Fig. 2B ). However, 24 h post inoculation, the fungal burden of 338 larvae inoculated with C. albicans + ACh was significantly reduced 15.6-fold 339 (p<0.05) compared to larvae inoculated with C. albicans alone (Fig. 2B) . 340
341
These data suggest that the inoculation with ACh significantly reduces the 342 fungal biomass in vivo, which in turn prolongs the survival of infected larvae. 343 344
Acetylcholine down-regulates expression of Candida albicans biofilm 345 associated genes in vivo 346
To test the hypothesis that ACh impacts upon C. albicans biofilm formation in 347 vivo we investigated the expression of two genes known to be important in 348 biofilm formation; hyphal cell wall protein 1 (HWP1) and agglutinin-like 349 sequence 3 (ALS3) (28). which were limited to peripheral larval tissues with no involvement of the gut 378 and tracheal systems. Furthermore, there was a significant reduction in 379 melanisation and no hyphae were present (Fig. 3D, black circle) . 380 381 Seventy-two hours post inoculation, both sham PBS inoculation (Fig. 3E ) and 382 inoculation with ACh alone (Fig. 3F ) had no effects on larval tissues. However, 383 larvae infected with C. albicans alone revealed extensive invasion of the 384 intestinal walls and lumen, as well as the tracheal systems. Large nodules 385
were also present at sites of infection and in the fat body (Fig. 3G, black  386 circle). In contrast, larvae infected with C. albicans + ACh exhibited decreased 387 inflammation and less aggressive fungal infiltration of vital larval tissues, with 388 only small melanized nodules present in the subcuticolar areas. In addition, C. 389 albicans hyphae formation was not observed, and microvacuolization of the 390 fat body was less appreciable with a return to nearly normal conditions 391 suggestive of resolution (Fig. 3H, black circle) . 392
393
The histological evidence adds weight to the hypothesis that ACh can inhibit 394 C. albicans biofilm formation in vivo. In addition, the data also suggests that 395
ACh can also modulate host cellular immune responses against C. albicans. 396
397
Acetylcholine modulates Galleria mellonella haemocyte responses to 398
Candida albicans infection 399
To investigate further the effect of ACh on host cellular immune responses 400 during C. albicans infection haemocyte counts, cytospin analysis and larval 401 histology were performed. 402
403
Haemocyte counts revealed that larvae inoculated with C. albicans alone 404 exhibited a significant 2-fold reduction in the number of circulating 405 haemocytes when compared to control larvae 24 h post inoculation (p<0.05) 406 (Fig. 4A) . However, in larvae inoculated with C. albicans + ACh circulating 407 haemocyte numbers were reduced 17-fold (p<0.01) compared to control 408 larvae and reduced 8-fold (p<0.05) compared to larvae inoculated with C. 409 albicans alone. Furthermore, inoculation with ACh alone induced a 4-fold 410 reduction (p<0.01) in circulating haemocytes when compared to control larvae 411 (Fig. 4A) . 412 413 Forty-eight hours post inoculation, the significant 2-fold decrease in circulating 414
haemocyte numbers observed at 24 h persisted in C. albicans inoculated 415 larvae when compared to control larvae (p<0.05) (Fig. 4A) . However, in larvae 416 inoculated with C. albicans + ACh, haemocyte numbers increased from those 417 observed at 24 h and as such there was now only a 2-fold reduction (p<0.01) 418 in comparison to control larvae. A similar finding was observed in larvae 419 inoculated with ACh alone compared to control larvae (2-fold reduction; 420 P<0.01) (Fig. 4A) . 421 422 Seventy-two hours post inoculation, in larvae inoculated with ACh alone or C. 423 albicans + ACh the number of circulating haemocytes continued to rise and as 424 such there was no significant differences between either condition and control 425 larvae. In contrast, larvae inoculated with C. albicans alone showed a 3.5-fold 426 decrease in circulating haemocytes when compared to control larvae (P<0.01). 427
Furthermore, larvae inoculated with C. albicans alone also exhibited a 428 significant 1.4-fold decrease in circulating haemocytes compared to larvae 429 inoculated with C. albicans + ACh (P<0.01) and a 1.5-fold decrease compared 430 to larvae inoculated with ACh alone (P<0.001) (Fig. 4A) . 431
432
Cytospin analysis revealed that 24 h post inoculation haemocytes from C. 433 albicans infected larvae (Fig. 4B iii, black arrow) showed small aggregates 434 with melanin deposition (black arrow) when compared to controls (Fig. 4B i) . A 435 similar degree of aggregation was observed by haemocytes from larvae 436 inoculated with ACh alone (Fig. 4B ii, black arrow) . However, aggregation was 437 more pronounced in haemocytes isolated from larvae infected with C. 438 albicans + ACh (Fig. 4B IV, black arrows) . 439
440
Forty-eight hours post inoculation, haemocytes from larvae inoculated with 441
ACh alone (Fig. 4B vi) or C. albicans + ACh (Fig. 4B viii) showed aggregation 442 in a monolayer with less appreciable nodules. Moreover, in larvae inoculated 443 with C. albicans + ACh, haemocytes showed pronounced aggregation and 444 haemocytes merged into nodules with tissue-like structures (Fig. 4B viii, white  445 arrow) in comparison to larvae infected with C. albicans alone (Fig. 4B vii) . In 446 addition, haemocytes from larvae inoculated with ACh alone (Fig. 4B vi) or C. 447 albicans + ACh (Fig. 4B viii) showed a homogenous distribution of 448 polymorphic haemocytes immersed in an eosinophilic extracellular matrix 449 (black asterisk). 450 451 Seventy-two hours post infection, haemocytes from larvae inoculated with C. 452 albicans alone (Fig. 4B xi) demonstrated complete aggregation in a sole 453 dense tissue-like sheet. In contrast, haemocytes from larvae inoculated with 454
ACh alone (Fig. 4B x) or C. albicans + ACh (Fig. 4B xii) the tracheal tree at 24 h and 48 h (Fig 5B and F) with normal larval histology 460 appreciable at 72 hours (Fig. 5J) . In larvae inoculated with C. albicans alone 461 progressive hyphal invasion can be easily observed around the trachea and 462 gut with progressively extensive haemocyte recruitment 24 -72 h post 463 inoculation ( Fig 5C, G and K, black arrows) . In contrast, in larvae inoculated 464 with C. albicans + ACh haemocyte aggregation into nodules (black asterisk) is 465 observed 24 -48 h post inoculation and no hyphal invasion of vital tissues is 466 appreciable ( Fig. 5D and H) . Furthermore, 72 h post inoculation, nodules have 467 disaggregated and tissue homeostasis occurs with no appreciable signs of 468 infection (Fig. 5L) . and 4-fold, respectively, in C. albicans alone inoculated larvae (both p<0.05; 487 Fig. 6A and Fig. 6B ). However, in larvae inoculated with C. albicans + ACh, 488 gallerimycin and galiomicin expression was significantly down regulated 9-fold 489 and 5-fold, respectively, when compared to larvae inoculated with C. albicans 490 alone (both p<0.001; Fig. 6A and Fig. 6B ). Twenty-four hours post inoculation, 491 no significant differences in gallerimycin or galiomicin expression were found 492 between larvae inoculated with C. albicans alone or C. albicans + ACh ( albicans alone had 4.8-fold greater gallysin activity than control larvae 510 (p<0.05) (Fig. 6C) . In contrast, larvae inoculated with C. albicans + ACh 511
showed no significant increase in gallysin activity. Furthermore, in comparison 512 to C. albicans alone inoculated larvae, C. albicans + ACh inoculated larvae 513 showed a significant 2.1-fold reduction in gallysin activity (p<0.01) (Fig. 6C) . 514
Twenty-four hours post inoculation, no significant differences in gallysin 515 activity were observed (Fig. 6C) . Therefore, in agreement with the expression 516 data for Gallerimycin and Galiomicin (Fig. 6A and 6B In addition to antifungal peptides, we also investigated the effect of ACh on 523 the activity of the antifungal enzyme lysozyme in vivo using an established 524 lysozyme activity assay (26) . 525
526
The haemolymph lysozyme activity 4 h post inoculation was 2.2-fold greater in 527 C. albicans alone inoculated larvae than in PBS control larvae (p<0.05) (Fig.  528   6D) . In contrast, larvae inoculated with C. albicans + ACh showed no 529 significant increase in lysozyme activity. Furthermore, in comparison to C. 530 albicans alone inoculated larvae, the C. albicans + ACh inoculated larvae 531 showed a significant 2.5-fold reduction in lysozyme activity (p<0.01) (Fig. 6D) . 532
Twenty-four hours post inoculation, lysozyme activity was 4.9-fold greater in C. 533 albicans alone inoculated larvae than in PBS control larvae (p<0.05) (Fig. 6D) . 534
However, in comparison to C. albicans alone inoculated larvae, the C. 535 albicans + ACh inoculated larvae showed a significant 1.5-fold reduction in 536 lysozyme activity (p<0.01) (Fig. 6D) . Therefore, ACh has an inhibitory effect 537 on the activity of the antifungal enzyme lysozyme. 
